Background: Among the Aristotelian senses, the subcellular and molecular mechanisms involved in the sense of touch are the most poorly understood. Results: We demonstrate that specialized sensory neurons, the class II and class III multidendritic (md) neurons, are gentle touch sensors of Drosophila larvae. Genetic silencing of these cells significantly impairs gentle touch responses, optogenetic activation of these cells triggers behavioral touch-like responses, and optical recordings from these neurons show that they respond to force. The class III neurons possess highly dynamic dendritic protrusions rich in F-actin. Genetic manipulations that alter actin dynamics indicate that the actin-rich protrusions (termed sensory filopodia) on the class III neurons are required for behavioral sensitivity to gentle touch. Through a genome-wide RNAi screen of ion channels, we identified Ripped Pocket (rpk), No Mechanoreceptor Potential C (nompC), and NMDA Receptors 1 and 2 (Nmdars) as playing critical roles in both behavioral responses to touch and in the formation of the actin-rich sensory filopodia. Consistent with this requirement, reporters for rpk and nompC show expression in the class III neurons. A genetic null allele of rpk confirms its critical role in touch responses. Conclusions: Output from class II and class III md neurons of the Drosophila larvae is necessary and sufficient for eliciting behavioral touch responses. These cells show physiological responses to force. Ion channels in several force-sensing gene families are required for behavioral sensitivity to touch and for the formation of the actin-rich sensory filopodia.
Introduction
The sense of touch is critical to the existence of life. Indeed, virtually all animals use mechanosensory input to explore the textures of the world. Our mechanical senses allow us to detect forces that range from the tiny pressures of the mosquito that lands upon our skin to the painful sensations experienced by the boxer in the ring. The features that endow mechanosensory neurons with the ability to detect such a wide range of force are essentially unknown.
Mechanosensory neurons show extremely rapid ionic influx in response to force, which suggests that these neurons detect force through ion channels that directly sense the force in the absence of any upstream signaling or second messengers [1, 2] . The putative metazoan mechanotransduction channels that have been identified to date fall into several distinct gene families: the degenerin epithelial sodium channel (DEG/ ENaC) family [3] [4] [5] [6] [7] [8] [9] , the transient receptor potential (TRP) family [10] [11] [12] [13] [14] [15] [16] [17] [18] , the transmembrane channel-like family [19] , the TREK channel family [20] , and, most recently, the Piezo family [21] [22] [23] .
Despite the many channels that have been implicated in force sensation, important mechanistic questions remain unsolved. For instance, how does the mechanosensory threshold of a particular type of neuron relate to the intrinsic properties of mechanosensory channels that detect forces relevant to the cell [3] ? Do highly sensitive touch neurons express a set of exquisitely sensitive mechanotransduction channels in comparison to neurons that are tuned to detect stronger forces? Or, alternatively, do other features of the neurons (such as morphological specialization) play an important role?
We are attempting to answer these questions through the investigation of force-sensing mechanisms in Drosophila larvae. The functions of most neuron types found in the Drosophila larval body wall remain unknown. Neuronal silencing, optogenetic activation, and thermogenetic activation experiments all indicate that the class IV multidendritic (md) neurons function as nociceptive neurons, detecting noxious heat and noxious mechanical stimuli [6, 9, 18] . Other evidence suggests that the class I and the bipolar md neurons function as proprioceptors required for coordinated larval locomotion [24] . The chordotonal neurons also function as propriocieptors and are additionally thought to play a role in responses to gentle touch [25] .
Here, we identify the first known function for the class II and class III md neurons.
Results

Class II and Class III md Neurons Contribute to Larval Response to Gentle Touch
Although previous evidence suggests that the gentle touch responses are in part mediated by internal stretch-receptive chordotonal neurons [25] , the complete repertoire of sensory neurons that contribute to the larval gentle touch response is as yet unknown. Thus, to investigate the relative contributions of various sensory neuron classes in gentle touch responses, we used specific GAL4 driver lines to drive expression of the UAS-Tetanus toxin light chain (UAS-TNT-E) to silence neuronal activity [26] in distinct subclasses of larval sensory neurons. We then investigated behavioral responses to gentle touch in the transgenic animals using previously described gentle touch assays [6, 9, 12, 17, 25] . In this assay, larvae are gently stroked with the tip of an eyelash along the thoracic segments ( Figure 1A ) and the larval behavioral response is given a score of 1-4. Each larva is stimulated four times, giving a total score that ranges from 0 to 16.
Confirming earlier findings, when UAS-TNT-E was expressed in chordotonal neurons, larvae were indeed strongly insensitive to gentle touch (cho in Figure 1B) ; however, in these animals, residual touch responses remained, suggesting the existence of other sensors.
Because nonciliated md neurons highly innervate the larval epidermis [27] [28] [29] , we hypothesized that these neurons were likely candidates to play a role in this process. To test this, we used the GAL4 109(2)80 driver (md-GAL4), which is expressed in all four classes of md neurons to drive UAS-TNT-E (see Figure S1A available online). To reduce the expression of TNT-E in the abdominal and thoracic ganglion, the strain utilized teashirt-GAL80 (tsh-GAL80) in combination with the md-GAL4 driver. Indeed, compared to controls, larvae ; 4, turn of >90 or reverse locomotion. (B) Expression of tetanus toxin in class II or class III neurons significantly reduced the larval response to gentle touch. Genotypes were w; UAS-TNT-E/+ (control), w; md-GAL4 tsh-GAL80/UAS-TNT-E (I, II, III, and IV), w; UAS-TNT-E/+; c161-GAL4/+ (I, II, and III), w; UAS-TNT-E/+; 1003.3-GAL4/+ (II and III), w; UAS-TNT-E/tsh-GAL80; c755-GAL4/+ (III and IV), w; UAS-TNT-E/+; 2-21-GAL4/+ (I), w; nompC-GAL4/UAS-TNT-E (cho and III), w; tutl-GAL4/UAS-TNT-E (class III [but not ddaF]), w; ppk-GAL4/UAS-TNT-E (IV), and w; 117y-GAL4/UAS-TNT-E (cho) (n = 60 larvae of each genotype). See also Figure S1 . (C) Optogenetic activation (w;UAS-ChR2-YFP/1003.3-GAL4) of class II and class III neurons was sufficient to elicit the gentle touch response (n = 60 larvae of each genotype). See also Movie S1. (D and E) Optical recordings showed ddaB class II and ddaA class III neurons responded to force. (D) Traces showing average (6SEM) DF/F 0 percentage of md neurons expressing GCaMP3.0 before, during, and after mechanical stimulation. The bar above the trace shows the duration of the average mechanical stimulus (1.02 6 0.03 s) (n = 66 force stimuli). (E) Average peak DF/F 0 percentage of each class of md neurons expressing GCaMP3.0. ***p < 0.001 when ddaC, ddaD, ddaE, ddaF, or dbp were compared to ddaA or ddaB (n = 66 force stimuli). Genotype was md-GAL4/UAS-GCaMP3.0. The differences of the color of bars indicate types of class neurons. Statistical analyses were performed using a one-way ANOVA with Tukey's honestly significant difference (HSD) post hoc for pairwise comparisons. Unless otherwise indicated, all data are presented as means 6 SEM. ***p < 0.001, **p < 0.01 for pairwise comparisons as indicated.
expressing UAS-TNT-E under the control of md-GAL4 tsh-GAL80 were less sensitive to gentle touch (I, II, III, and IV in Figure 1B ). This finding indicated that, like chordotonal neurons, nonciliated md neurons act as gentle touch-detecting mechanosensory neurons.
To determine the precise class of md neuron that was required for the gentle touch response, we used a set of GAL4 drivers that were expressed in specific subsets of md neurons ( Figure S1 ). As shown in Figure 1B , drivers targeting class III neurons all resulted in significant touch insensitivity when driving UAS-TNT-E. Touch insensitivity was seen with silencing of class I, class II, and class III neurons (C161-GAL4), class II and class III neurons (1003.3-GAL4), class III and class IV neurons (c755-GAL4 with tsh-GAL80), class III and chordotonal neurons (nompC-GAL4), or class III neurons alone (turtle-GAL4). In contrast, when we specifically inactivated class I neurons by using the 2-21-GAL4 driver (Figure S1E ) or class IV neurons by using the ppk-GAL4 driver ( Figure S1H ), larvae showed a normal sensitivity to gentle touch compared to controls ( Figure 1B ). These combined data indicated that the output of the class III neurons is required for normal behavioral responses to gentle touch. These data are also consistent with a potential role for class II neurons in gentle touch responses, because all of the drivers targeting class II neurons also showed an impaired touch response. For example, C161-GAL4 is strongly expressed in class I and class II neurons but is only weakly expressed in a stochastic population of class III neurons.
Optogenetic Activation of Class II and Class III Neurons Elicits a Gentle Touch Response Given the suggested role for class II and class III neurons in gentle touch responses, we next assessed whether activation of the class II and class III neurons, or the class III neurons alone, would be sufficient to elicit a gentle touch response. Efficient optogenetic activation of larval neurons can be achieved through expression of Channelrhodopsin-2::yellow fluorescent protein (Chr2::YFP), a light-activated cation channel [6, 9, 30, 31] . Expression of Chr2::YFP in the class II and class III neurons (using 1003.3-GAL4 driver) indeed resulted in gentle touch-like responses upon blue light illumination. Quickly after illumination with blue light, larvae withdrew their anterior region or turned their head ( Figure 1C ; Movie S1). This response depended on the feeding of all-trans-retinal (atr), because most of the ChR2-expressing larvae that were fed yeast paste free of atr did not show gentle touch-like responses upon exposure to blue light ( Figure 1C ; Movie S1). These data demonstrate that activation of class II neurons combined with activation of class III neurons produced gentle touch-like responses. Driving Chr2::YFP specifically in a subset of class III neurons (ddaA, ldaB, v'pda, and vdaD) under control of tutl-GAL4 did not produce touch-like behaviors in response to blue light (data not shown). This result is consistent with a likely combinatorial role of class II and class III neurons in eliciting gentle touch responses. Alternatively, the output of the ddaF neuron (which is not targeted by tutl-GAL4) is absolutely required for the generation of optogenetically triggered touch responses.
Optical Recordings Reveal that Class II and Class III Neurons Respond to Force
To directly test which of the md neurons showed physiological responses to force, we developed a preparation for imaging Ca 2+ responses in these cells. In this preparation, the md neurons expressing GCaMP3.0 [32] were imaged through the transparent cuticle by using high-speed time-lapse confocal microscopy while being exposed to 1 mN force stimuli (see Experimental Procedures). Multidendritic neurons imaged in this preparation showed rapidly increasing GCaMP3.0 signals during the initial application of force and this signal rapidly declined ( Figure 1D ). The greatest GCaMP3.0 increases were indeed observed in the ddaB class II and the ddaA class III neurons ( Figures 1D and 1E) . Interestingly, the class III ddaF neuron showed relatively smaller changes. The stronger response of the ddaA neurons relative to ddaF was probably in part due to the fact that the mechanical stimulus was applied to the dendritic field of ddaA. Consistent with this, when the dendritic field of ddaF class III neurons was stimulated, the GCaMP3.0 fluorescence in these cells was also seen to more strongly increase (data not shown).
Dendritic Sensory Filopodia on Class III Neurons Are ActinRich Structures that Are Dynamic in Early Third Instar
The class III neurons are characterized by protrusions from their primary dendritic branches [27, 33] . These protrusions are rich in F-actin, because they are strongly labeled by the F-actin-binding protein moesin::green fluorescent protein (GFP) [27, 33, 34] (Figures 2A-2D ). These structures have been previously referred to either as dendritic filopodia [33] or as dendritic ''spikes'' [27] . Here, we refer to these actinrich protrusions as ''sensory filopodia'' in order to distinguish them from the immature postsynaptic dendritic filopodia that have been described on vertebrate neurons. It has been reported that the sensory filopodia are morphologically dynamic [33] . To better characterize these dynamics, we developed a time-lapse imaging preparation that allowed for stable imaging of the class III neurons for 30 min periods in anesthetized whole-mount larvae. Consistent with the prior report, we found that whereas some filopodia were stable over the time period, others were dynamic-newly forming or completely disappearing over the course of 30 min ( Figure 2E and Movie S2).
The Number of Sensory Filopodia Correlates with the Strength of Touch Responses
We next investigated whether the actin cytoskeleton in the filopodia played an important role in mechanosensory responses. To achieve this, we manipulated actin through the expression of Rho family GTPases (which are well known regulators of actin) in the class III cells [35] .
First, we investigated the effects of overexpressing Rac1, which activates the Arp2/3 complex and nucleates branched growth from existing actin filaments [35] . This manipulation has been reported to cause increased branching in class I neurons [36] , class III neurons [33] , and class IV neurons [37, 38] . Similarly, we observed dramatic increases in the number of dendritic sensory filopodia in class III ddaA neurons overexpressing Rac1 relative to control neurons (Figures 3A, 3E, and 3F). These filopodia were dynamic, and their stability was not changed compared to controls ( Figure 2F and Movie S2). Interestingly, behavioral tests performed on these larvae showed that they also became hypersensitive to gentle touch ( Figure 3B ).
In contrast, when the dominant-negative form of Rac1 or the dominant-negative Cdc42 was expressed in the class III neurons, the number of sensory filopodia was decreased ( Figures 3A, 3G , and 3H). These larvae also showed behavioral insensitivity to gentle touch stimuli ( Figure 3B ). Combined, these results suggested a correlation between the number of filopodia and behavioral responses to gentle touch. For each of these manipulations, we also quantified the length of the filopodia ( Figure 3C ) and the length of the primary dendritic branches ( Figure 3D ) in controls and in altered class III neurons, but these features showed no obvious correlation with gentle touch behaviors.
Expression of Rac1 Enhances Force-Triggered Ca
2+
Responses of Class III Neurons To test whether actin manipulations produced measurable effects on the physiological responses of the class III neurons, we investigated their effects on the force responses of these cells in our optical recording preparation. Intriguingly, relative to wild-type controls, dramatically elevated Ca 2+ responses to force were found in neurons overexpressing Rac1 (Figures 4A, 4B, 4D, and 4E, Figures S2A and S2B, and Movie S3). These results suggest that the hypersensitive behavioral responses to touch seen in these animals are indeed a consequence of hypersensitive force sensitivity in these cells. Finally, expression of dominant-negative Cdc42 in the class III neurons showed a significantly lower GCaMP3.0 change in response to force ( Figures 4C, 4D , and 4E, Figure S2C , and Movie S3). This result is consistent with the hypothesis that the impaired behavioral responses seen in Cdc42 N17-expressing animals are due to impaired sensory signaling as a consequence of a severe reduction in the number of sensory filopodia.
Genetic Screen for Ion Channel Genes Required for the Gentle Touch Response
To enhance our understanding of the molecular mechanisms generating the force responses of the class II and class III neurons, we applied a tissue-specific RNA interference (RNAi) approach. Because a large body of evidence implicates ion channels in mechanosensation, we focused our efforts on this class of genes. Using GAL4/UASmediated expression of RNAi, we searched for genes encoding ion channel subunits that were necessary for the response to gentle touch. Our initial screen was carried out by using the painless-GAL4 driver to target the expression of RNAi [12] . This driver was chosen because it is broadly expressed in a variety of mechanosensory neurons including chordotonal neurons and all of the md neurons. We crossed the painless-GAL4 driver to 338 UAS-RNAi lines (Table S1) targeting over 200 ion channel subunit genes and tested behavioral responses to gentle touch in the crossed progeny. Excluding the large iGluR olfactory ion channel gene family, the screened collection represented the entirety of the annotated ion channel genes of the Drosophila genome. We selected 39 candidate channel genes for further study, because these showed potentially reduced gentle touch responses when knocked down by RNAi under control of pain-GAL4 (Table S2) .
To determine which of the channel genes were likely to function in multidendritic neurons that were targeted by pain-GAL4, we next crossed the UAS-RNAi lines to md-GAL4; UAS-dicer-2. Ten of the candidate channels were found to be needed in all four classes of md neurons (Table S2) for normal touch insensitivity. Finally, the effects of knocking down each of these ten candidate channel genes in the force-responsive class II and class III neurons were tested by crossing the UAS-RNAi lines for these channels to the 1003.3-GAL4;UAS-dicer-2 driver ( Figure 5A ). The behavioral responses to touch in the crossed progeny showed that seven of the channel subunit genes, Chloride channel-b (ClC-b), mrityu (mri), narrow abdomen (na), no mechanoreceptor potential C (nompC), NMDA Receptor 1 (Nmdar1), NMDA Receptor 2 (Nmdar2), and ripped pocket (rpk), were required in the class II and class III neurons for normal responses ( Figure 5A ).
Based on sequence similarity to other known channels, the molecular function of ClC-b is predicted to encode a chloride channel. The mri gene encodes a protein that is structurally similar to the tetramerization domain of voltage-activated potassium channels [39] . NMDA receptors (NMDARs) are well-known ionotropic glutamate receptors that form heteromeric channel complexes comprised of essential Nmdar1 subunits and Nmdar2 subunits [40] . Interestingly, mammalian NMDARs have been proposed to be force sensitive, which suggests a potential role in force transduction in class III neurons [41] . The rpk gene encodes a DEG/ENaC channel subunit that is the closest homolog of the Pickpocket channel [42] . narrow abdomen (na) encodes a little-studied cation channel of unknown function [43] . Finally, nompC encodes a TRP channel with a well-known role in force transduction in the mechanosensory bristles of adult flies and a previously described role in larval touch sensing and proprioception, as well as a role in adult hearing [11, 17, 44, 45] .
Ion Channel Genes Affect the Formation of Sensory Filopodia
Given the evidence that the filopodia are required for the mechanosensory function of the class III neurons, we investigated whether the identified channel genes might play a role in the development of sensory filopodia. Interestingly, the number of filopodia and the length of filopodia were significantly reduced by RNAi targeting mri, ripped pocket, nompC, Nmdar1, and Nmdar2 (Figures 5B-5D ; Figures S3A-S3H) . Thus, the reduced behavioral responses seen in these genotypes may be a consequence of a reduction in filopodia number. Interestingly, the morphology of class III neurons (including the number of sensory filopodia) was normal in animals expressing RNAi targeting ClC-b.
ripped pocket Is Required for Gentle Touch Sensation A growing body of evidence has implicated ion channels of the DEG/ENaC family in invertebrate mechanotransduction [3] [4] [5] [6] . Because the ripped pocket gene encodes a member of this gene family [46] , we further investigated its role through the creation of a DNA null allele for the locus. We first constructed a deficiency line, Df(3R)rpk Karyb3, by using FLPase-mediated recombination between the FRT site in the pBac{WH}Dip2 f05703 line and the pBac{WH} f00594 line (Figure 6A ). This recombination resulted in the removal of both the rpk gene and the neighboring Karyopherin b-3 (Karyb3) gene. Unfortunately, the Df(3R)rpk Karyb3 line was lethal at the early larval stage, preventing its use in behavioral experiments.
To test whether the lethality of Df(3R)rpk Karyb3 was due to removal of rpk or to the removal of Karyb3, we generated transgenic flies in which we restored Karyb3 to the Df(3R)rpk Karyb3 deficiency background ( Figure 6A ). The restoration of Karyb3 was achieved through the insertion of a bacterial artificial chromosome (BAC) containing a genetically engineered deletion of rpk (Drpk BAC). Two independent insertions of the Drpk BAC were crossed into the Df(3R)rpk Karyb3 genetic background and both transgenes resulted in deficiency flies that were viable at larval stages but with somewhat reduced viability at the adult stage. In addition, we generated transgenic flies with insertion of a BAC that completely restored both the rpk and the Karyb3 loci ([CH321-22I15] rpk Karyb3 rescue BAC) ( Figure 6A ). Two independent insertions of the rpk Karyb3 rescue BAC were crossed into the Df(3R) rpk Karyb3 genetic background and both of these were found to completely restore the viability of the deficiency strain.
To formally test the role of rpk in touch transduction, we performed behavioral tests on animals of the genotype Drpk BAC, Df(3R) rpk Karyb3. These larvae (which were genetically null for rpk locus but rescued for Karyb3) were strongly insensitive to gentle touch ( Figure 6B ). Two independent lines with the Drpk BAC inserted at different insertion sites on the second chromosome (22A3 or 28E7) exhibited this touch-insensitive phenotype ( Figure 6B ). The touch-insensitive phenotype of the strain was due to loss of rpk because the presence of a BAC, which contained the intact rpk locus, completely rescued the touch-insensitive phenotype of the rpk mutants. Combined, these data constitute formal genetic proof of a role for the rpk gene in the sensing of gentle touch in Drosophila larvae.
Expression Pattern of rpk A previous study described ripped pocket expression in early embryos, but expression in neurons was not reported [46] . Given the effects of RNAi knockdown in class II and class III neurons, expression in these cells seemed likely. Thus, to investigate the expression pattern of rpk in third-instar larvae, we examined a GAL4 enhancer trap line (p{GawB} NP2408) with an insertion approximately 200 base pairs upstream of the rpk transcriptional start site ( Figure 6A ). When crossed to UAS-mCD8::GFP, clear expression of GFP was detected in all md neurons ( Figures 6C and 6D) .
In order to investigate the subcellular localization of RPK in the md neurons, we generated transgenic Drosophila that expressed RPK as a fusion with the Venus fluorescent protein in N-terminal region (1003.3-GAL4 > UAS-Venus::RPK) ( Figures  6E-6H) . The Venus-tagged RPK protein was detected throughout the primary dendritic arbor, cell body, and axons of md neurons ( Figures 6E and 6F) . Interestingly, Venustagged RPK was detectable throughout the length of the filopodia in class III neurons (Figures 6G and 6H ).
Discussion
In this study, we have identified the first known function for the class II and the class III md neurons. These neurons showed physiological responses to force, their output was required for touch responses, and their optogenetic activation was sufficient to generate behavioral responses that resembled the behavioral responses to touch. We further focused our attention on the class III neurons and their actin-rich sensory filopodia. Our results indicated that the filopodia contribute to both physiological (Ca 2+ responses) and behavioral responses to gentle touch.
Our time-lapse imaging indicated that sensory filopodia in class III neurons are very dynamic during the early third-instar stage, which has interesting similarity to the actin-mediated spine motility known to occur at immature synapses [47] . Interestingly, sensory filopodia are quite stable in late wandering third instar in comparison to the early third instar (A.T. and W.D.T., unpublished data), thus the dynamic nature of these filopodia may also be related to a developmental process in which the overall mechanical sensitivity of the neuron is tuned as the dendritic arbor scales during the profound growth period of the third instar.
An interesting possibility is that the actin-rich structures may hold mechanosensitive channels in a similar fashion to the stereovilli of hair cells in the vertebrate inner ear. If this is the case, growth and relaxation of the sensory filopoida may be important for fine-tuning the plasma membrane tension that is needed for proper mechanotransduction.
To begin to elucidate the molecular mechanisms by which class III neurons sense external signals, we performed a comprehensive RNAi screen for channel genes that were required for gentle touch responses. Ion channel gene families previously implicated in mechanotransduction (TRP, DEG/ ENaC, and NMDARs) were identified in this screen. Although it is tempting to speculate from our results that one or more of the channel subunits isolated from our screen might be mechanically sensitive, further experimentation will be needed to adequately test this hypothesis.
We focused our efforts on the rpk gene, which is a member of the DEG/ ENaC family [46] . We provide formal genetic proof that this gene is essential for gentle touch responses in the Drosophila larvae. Interestingly, the DEG/ENaC subunit encoded by the pickpocket locus is required for mechanical nociception [6, 22] . This function is consistent with the very specific expression pattern of the ppk gene in class IV neurons [6, 9] . Although ppk is not required for gentle touch responses, ppk-GAL4 is weakly expressed in the class III neurons [6] . Thus, although not essential for gentle touch responses, PPK represents a potential heteromeric partner subunit for RPK in these cells [46] .
Our results suggest that the identified ion channel subunits contribute to the stability of the sensory filopodia. Prior results implicated calcium/calmodulin-dependent protein kinase II (CaMKII) in sensory filopodia growth [33] ; however, the source of calcium ions that activate CaMKII in the class III neurons is unknown. The NOMPC channel and the NMDARs identified here represent good candidates for providing mechanically activated Ca 2+ entry that could drive the activation of CaMKII.
Local activation of Rho family GTPases in postsynaptic dendritic spines can also be driven by CaMKII [48] . So the reduced filopodia formation seen in our ion channel knockdown experiments may also involve pathways utilizing the same Rho family members that we have manipulated in this study. When we manipulated dendritic morphology by expressing wild-type and dominant-negative forms of Rho family GTPases in class III neurons, both filopodia number and behavioral sensitivity to gentle touch were dramatically changed.
In conclusion, actin-rich dendritic sensory filopodia on nonciliated Drosophila class III neurons represent sensory organelles that play an important role in efficient somatosensory mechanosensation. An ensemble of ion channels interacts with these sensory filopodia in generating touch responses. Importantly, F-actin has been implicated in mechanosensory responses of mammalian somatosensory neurons [49, 50] and actin-rich protrusions have been observed on mechanosensory Merkel cells [51] [52] [53] . An interesting possibility is that mammalian somatosensation relies upon structures that are evolutionarily homologous to the actin-rich sensory filopodia of the Drosophila class III neurons. Thus, the further study of these structures may shed important light on the mechanisms of mammalian touch sensation.
Experimental Procedures
Fly Maintenance and Stocks Drosophila stocks were raised on standard cornmeal molasses fly food medium at 25 C and 75% humidity on a 12/12 light/dark cycle. The following fly strains were used: w; GAL4 109(2)80 (md-GAL4), w; c161-GAL4, w; 1003.3-GAL4 [24] , w; c755-GAL4, ppk1.9-GAL4, w; 2-21-GAL4, w; nompC-GAL4 [54] , w; tutl-GAL4/Bc (gift from D. van Meyel, personal communication), w; 117y-GAL4, w; UAS-mCD8::GFP, w; UAS-moesin::GFP [34] , w; UAS-mCD8::DsRed, w; UAS-TNT-E [26] , w; UAS-ChR2-YFP (line C) [9] , w; UAS-Rac1 WT, w; UAS-Rac1 N17, w; UAS-Cdc42 N17, tsh-GAL80, and UAS-Dicer2. Fly stocks with UAS marker, Rho family GTPases, and TRiP RNAi lines were provided by the Bloomington Drosophila Stock Center. RNAi lines for screening were provided by the Vienna Drosophila RNAi Center [55] . The w; p{GawB}NP2408 strain was provided by the Kyoto Drosophila Genetic Resource Center, and w; pBac{WH}Dip2[f05703] and w; pBac{WH}f00594 strains were provided by the Exelixis collection at Harvard Medical School.
Gentle Touch Behavioral Assay
The gentle touch behavioral tests were performed as described previously [6, 9, 12, 17, 25] . Each larva was tested four times and then discarded. The touch scores (0-4; Figure 1 ) were summed to obtain a score of 0-16.
Optogenetic Activation
The behavioral tests were performed as described previously [6, 9, 31] . Larvae were stimulated with blue light (460-500 nm) for several seconds using the Hg light source of a Leica MZ16 FA stereomicroscope (14,500 lux). Behavioral responses were videotaped and analyzed offline.
Confocal Imaging of Dendrites
To observe dendritic morphology, we anesthetized early third-instar larvae with ether and mounted them in Halocarbon oil 27 (Sigma). Images were taken every 30 s for 30 min using an Apochromat 403 N/A 1.3 oilimmersion lens.
Molecular Cloning
We generated the Drpk BAC through galK recombineering [56] of the P[acman] clone CH321-22I15 [57] in SW102 cells. The galK cassette was amplified from pGalK vector [56] using primers with 50 bp homology arms designed to insert galK to the rpk locus (forward primer 5 0 -CTAAATTG TCACCATCCGAACGTTTTTTTGCAAGTTCTCTCCAAGATCCTGCCTGTTGA CAATTAATCATCGGCA-3 0 ) (reverse primer 5 0 -CTTTTCTTGAACCGAAAA GCTTAAAAAGAAGCTGCACATGGGCTGCGATCTTCAGCACTGTCCTGCT CCTT-3 0 ). The amplified galK cassette was transformed into SW102 cells harboring BAC CH321-22I15 followed by selection on M63 minimal media plates with galactose, leucine, biotin, and chloramphenicol. After incubation for 3 days at 32 C, individual colonies were streaked on MacConkey chloramphenicol-indicator plates and Gal+ colonies were picked and tested for the desired galk insertion by PCR and by checking for diagnostic SpeI restriction fragments and agarose gel electrophoresis. The inserted galK cassette was then removed by negative selection against galK. A doublestranded oligo with the desired deficiency break point to remove the rpk gene (with the sequence 5 0 -CTAAATTGTCACCATCCGAACGTTTTTTTG CAAGTTCTCTCCAAGATCCTGAGATCGCAGCCCATGTGCAGCTTCTTTTTA AGCTTTTCGGTTCAAGAAAAG-3 0 ) was transformed into SW102 cells harboring the galK insertion BAC, and the transformed cells were then plated onto M63 minimal media plates with glycerol, leucine, biotin, 2-deoxy-galactose (DOG), and chloramphenicol. After incubation for 3 days at 32 C, colonies that grew under the negative selection by DOG were further analyzed by digestion with SpeI and agarose gel electrophoresis. Colonies with the desired restriction pattern (which indicated removal of galK and the deletion of rpk) were further analyzed by PCR and sequencing across the deficiency breakpoint.
The pUAST-Venus::rpk plasmid was generated by PCR amplification from BAC DNA (CH321-22I15) (using the forward primer 5 0 -CACCATGAC CATATCGGATTCGGAACTCGAC-3 0 and the reverse primer 5 0 -TTATCCTT TAACCAGGCGCTTCAGATTGG-3 0 ). The genomic rpk PCR product was then cloned into the pENTR/D-TOPO vector (Invitrogen) and fully sequenced. The desired clone was then used in the Gateway LR in vitro recombination reaction with the pTVW vector (Invitrogen).
Generation of Transgenic Flies BAC DNA was purified by the PureLink HiPure Plasmid DNA Purification Kit (Invitrogen). Microinjections of the Drpk BAC and the rpk Karyb3 rescue BAC (CH321-22I15) were performed by BestGene via PhiC31-mediated chromosome integration, with VK37(2L)22A3 or VK02(2L)28E7 as the docking sites [57] . The pUAST-Venus::rpk and pUAST-Venus::Nmdar1 plasmids were injected by GenetiVision for P element-mediated transformation.
Immunostaining of Larvae
Larvae were dissected and stained according to standard protocols (primary antibodies: rat anti-mouse CD8a antibody [1:100, Invitrogen], mouse GFP antibody [1:1,000, Invitrogen], and mouse 22C10 antibody [1:300] ).
Calcium Imaging
Wandering third-instar larvae expressing the genetically encoded Ca 2+ sensor GCaMP3.0 [32] were filleted and immersed in a hemolymph-like saline (HL-3), 70 mM NaCl, 5 mM KCl, 1.5 mM CaCl 2 , 20 mM MgCl 2 , 10 mM NaCO 3 , 5 mM trehalose, 115 mM sucrose, and 5 mM HEPES (pH 7.2) [58] . The md neurons expressing GCaMP3.0 were then imaged using 203 Plan-Apochromat lens N/A 0.8 and 488 nm laser through the transparent cuticle with the high-speed time-lapse Zeiss LSM 5 Live Confocal System. A piezo-driven focus drive was used for fast acquisition of three-dimensional z stack time series. The dimensions in the x and y axes were 256 3 128 pixels. The pinhole size was 6.6 mm. The thickness of a single slice was 8 mm, and approximately seven overlapping slices were acquired in each z stack image (total z stack depth of 55 6 1.8 mm SEM). The scan speed for acquisition of a single slice was approximately 15 ms, which allowed us to acquire z stack images at an average rate of 8 Hz. During the time series, force (w1 mN) was applied to the imaged field of neurons using a nylon monofilament (diameter was approximately 200 mm) that was attached to a manually controlled micromanipulator. In each preparation, ten force stimuli, which each produced a visible 47 6 2 mm SEM displacement of the tissue in the x and y axes and w25 mm in the z axis, were consecutively applied to the filleted larva. The data were analyzed with the Zeiss LSM software physiology package. The cell body of individual cells was selected as regions of interest (ROIs) in the maximum intensity projections from the confocal time series. To correct for movement of the cells in the x and y axes, we manually centered the position of the ROI for each cell in each frame of the time series and recorded the measured fluorescence intensity. The average GCaMP3.0 intensity from the 15 frames prior to stimulus presentation was used as F 0 . DF/F 0 percentage was calculated with the formula 100% 3 DF/F 0 , where F was the fluorescence intensity at each time point and F 0 was the average baseline fluorescence intensity of the 15 frames preceding each stimulus. Average traces for each genotype were calculated by resampling of the raw data to 20 ms, decimating, and then downsampling to 200 ms using the MATLAB software program (MathWorks).
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